Background Chronic heart failure (CHF) is associated with insulin resistance, indicating impairment in the control of energy metabolism. Insulin resistance in CHF relates to symptomatic status and independently predicts poor prognosis. We sought to determine whether insulin sensitivity is related to skeletal muscle strength in patients with CHF, taking into account muscle size and perfusion.
Introduction
Muscle weakness is a common feature in chronic heart failure (CHF). This may be related to the frequently observed loss of muscle tissue, 1 but increasing evidence has been accumulated suggesting that skeletal muscle strength in CHF is also realted to metabolic abnormalitites of skeletal muscle. 2 These include disturbances in oxidative metabolism, 3, 4 and reduced cellular availability of adenosine triposphate (ATP) 5, 6 and free fatty acids. 7 Both ATP and free fatty acids are important substrates for the energy generation needed for muscle contraction. Insulin plays a prominent role in the control of energy metabolism. We have previously shown that CHF is associated with insulin resistance 8 independent of CHF aetiology. Impaired insulin sensitivity progresses in parallel with CHF symptomatic severity and has been shown to predict impaired prognosis in CHF independently of other prognostic markers. 9 The tissue supply of ATP is closely linked to insulin action. Insulin resistance is associated with disturbances in glycolysis 10 and the citric acid cycle, 11 the principal generator of ATP. In addition, impaired balance of free fatty acids negatively relates to reduced glucose transporter 4 (GLUT4) transporter protein in CHF, 12 which are known to contribute to impaired glucose utilization in myocardial and skeletal muscle tissue. In fact, reduced GLUT4 protein expression in myocardial and skeletal muscle tissue has been observed in CHF in parallel with disease severity. 13 In view of the prominent involvement of insulin in the control of oxidative and non-oxidative metabolism and the supply of energy substrates, we hypothesized that insulin sensitivity might be related to skeletal muscle strength in healthy subjects and patients with CHF. Because skeletal muscle underperfusion may induce insulin resistance 14 and muscle weakness, 15 we have also undertaken measurements of leg blood flow in patients with CHF.
Methods

Patient population and characteristics
The study groups consisted of 33 male patients with mild-tosevere CHF (age range 34-83 years) and 20 male healthy controls (range 32-68 years). CHF was secondary to coronary heart disease (n = 18) or idiopathic dilated cardiomyopathy (n = 15). All patients were treated in accordance with guideline recommendations in individually optimized treatment regimen. All patients had been in CHF for >3 months. All patients gave written informed consent, and the study was approved by the local ethics committee.
Insulin sensitivity
Insulin sensitivity was assessed by intravenous glucose tolerance testing (ivGTT) as previously described. 7 A 3-h ivGTT was performed under standardized conditions in a metabolic day ward starting in the morning between 8:00 and 9:00 a.m. following overnight fasting and after at least 20-min supine rest. A glucose bolus (50% solution) was administered intravenously, at a dose of 0.5 g/kg body weight, and blood samples were obtained at 16 time points during 180 min. The insulin sensitivity index (S I ) was calculated from the glucose and insulin dynamic profiles following the glucose challenge by minimal model approach according to Bergman. 16 This method has been validated for the use of in CHF against the euglycemic clamp reference method 17 and optimized as described previously.
18 S I -the inverse to insulin resistanceis defined as the fraction of the glucose distribution space cleared per minute by insulin-dependent glucose disposal relative to the concentration of insulin and is expressed in (10 5 /min)/(pmol/L).
Muscle size
The cross-sectional area of the quadriceps muscle was measured using ultrafast computed tomography (Imatron, San Francisco, CA, USA). Scans were performed in the supine position after at least 5-min rest. A single 6-mm slice was scanned transaxially at the mid-femur level, at 12.5% of patient height above the knee joint. 19 The cross-sectional area was calculated in square centimetre by semi-automatic generation of an outline of the area of interest.
Muscle strength
Isometric quadriceps muscle strength was measured as previously described. 20 Patients were seated in a rigid frame, with the legs hanging freely. A strap attached the ankle to a pressure transducer. Strength was assessed from the recording (Multitrace 2, Lectromed, Jersey, Channel Islands), which also provided visual feedback for the subject. The loss of a superimposed 1-Hz muscle twitch during the plateau of maximum force production indicated maximal contraction. The maximal quadriceps muscle strength was taken as the best of three voluntary contractions on each leg, with a rest period of at least 1 min in between (in Newton). Muscle strength was also expressed in Newton/quadriceps crosssectional area (N/cm 2 ) to obtain a measure of myofibril contractile function, i.e. quality of skeletal muscle.
Leg blood flow
Mercury-in-silastic strain gauge venous occlusion plethysmography was employed. 21 Patients were rested for 10 min in the supine position. A cuff was placed around the upperright thigh and connected to a rapid inflation pump (Hokanson, Bellevue, WA, USA). The strain gauge, placed at the largest part of the calf and connected to a plethysmograph (Hokanson EC4, Hokanson, Bellevue, WA, USA), was inflated to 40 mmHg. The highest flow of 3 to 5 measurements was taken as the resting-leg blood flow (in mL/100 mL/min).
Statistical analysis
All results are presented as mean value ± SEM. The Student's t-test was used to analyse differences between patients with CHF and controls. Interrelationships were assessed using simple linear regression (least square method), multivariate and stepwise regression analyses (SYSTAT, SYSTAT Inc., Evanston, IL, USA). A probability value of <0.05 was considered statistically significant. Because of skewed distribution, fasting insulin was logarithmically transformed, and insulin sensitivity square root transformed.
Results
In the CHF group, there were no significant differences in any of the variables between patients with CHF due to coronary heart disease and those with CHF due to dilated cardiomyopathy (data not shown).
Absolute strength
Absolute isometric quadriceps muscle strength (right leg: À27.0%, P < 0.0001; left leg: À35.0%, P < 0.001), strength per unit area of muscle (right leg: À18.0%, P < 0.003; left leg: À23.5%,P < 0.001)andS I (À64.2%,P < 0.001)werereduced in CHF patients, compared with healthy controls ( Table 1) . In univariate analysis, S I correlated with right (CHF: r = 0.54, P = 0.001; controls: r = 0.43, P = 0.06; all subjects: r = 0.61, P < 0.001) and left (CHF: 0.43, P = 0.009; controls: r = 0.20, non significant (NS); all subjects: r = 0.55, P < 0.001) absolute quadriceps muscle strength. In stepwise multivariate regression analysis, S I emerged as a predictor of absolute right quadriceps strength, independently of right quadriceps muscle size, in both CHF patients and controls [CHF: S I , standardised coefficient (SC) = 0.21, P = 0.026; muscle size, SC = 0.84, P = <0.001, joint R 2 = 0.79, P < 0.001; controls: S I , SC = 0.53, P = 0.008, muscle size, SC = 0.50, P = 0.013, R 2 = 0.50, P = 0.004], while age, left ventricular ejection fraction (LVEF), maximal oxygen consumption, fasting glucose and insulin, leg blood flow (only performed in the CHF group) and diuretic dose were excluded. Similar results were obtained for the left quadriceps muscle (data not shown).
Strength per unit muscle
The results of the univariate correlation analyses for right quadriceps strength per unit muscle (N/cm 2 ) are shown in Table 2 . In CHF patients, S I (P = 0.002) and diuretic dose (P = 0.018) correlated with right quadriceps strength per unit area of muscle. In controls, right quadriceps strength per unit area of muscle correlated with S I (P = 0.004) (Figure 1 ), age (P < 0.001) and maximal oxygen consumption (P = 0.019). Left quadriceps strength per unit area of muscle also correlated with S I (CHF, P = 0.046; controls, P = 0.043) (data not shown). In stepwise regression analyses of the HF group, only S I entered as a significant predictor of right quadriceps strength per unit area of muscle (SC = 0.45, P = 0.006; diuretic dose, SC = À0.31, P = 0.051; R 2 = 0.37, P = 0.001), while age, LVEF, maximal oxygen consumption (peak VO 2 , treadmill spiroe-ergometric testing), fasting glucose and insulin, and leg blood flow were excluded. In controls, only SI remained in the final stepwise regression models (SC = 0.62, P = 0.004; R 2 = 0.39, P = 0.004), while age, 
) -
Results are expressed as means ± SEM, except for fasting insulin and insulin sensitivity, which, because of skewed distributions, are expressed as mean and asymmetrical SEM. Fasting insulin was logarithmically transformed, and insulin sensitivity square-root transformed. CHF, chronic heart failure; peakVO 2 = maximal oxygen consumption. NYHA, New York Heart Association Class.
a Diuretic dose is expressed as furosemide equivalent dose (1 mg of bumetanide = 40 mg of furosemide). b P-values refer to the differences between the groups from t-tests.
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In the CHF group, S I did not correlate with mean furosemide equivalent dose (r = À0.24, P = NS) or with resting-leg blood flow (r = À0.23, P = NS).
Discussion
We have shown that in patients with CHF, there is a reduction in absolute quadriceps muscle strength. The novel finding from this study is that in CHF, skeletal muscle weakness is related to insulin resistance. In patients with CHF and in controls, the relationship between insulin sensitivity and absolute muscle strength is independent of muscle size, suggesting that muscle atrophy is not an important component of this relationship. The finding that reduced insulin sensitivity is the best predictor of reduced strength per unit quadriceps muscle, i.e. of impaired myofibril contractile function, raises the possibility that insulin sensitivity may be pathogenetically linked to skeletal muscle strength. Our finding of this relationship in healthy subjects with a wide range of insulin sensitivity supports this concept.
Although this cross-sectional study provides no proof of causality, there are strong grounds for supposing that insulin resistance may be a cause of reduced myofibril contractile force production. Firstly, insulin resistance implies a reduction in the cellular uptake of glucose and therefore a reduced availability of the glycolytic intermediates needed for the ATP production in the citric acid cycle. Secondly, insulin resistance is associated with disturbances in skeletal muscle glycolytic and oxidative enzyme activity, as shown in the context of obesity 9 and in non-insulin-dependent diabetes mellitus (NIDDM). 10 NIDDM appears to involve an imbalance between nonoxidative glycolysis and oxidative glycolysis. Moreover, there is evidence from human 22 and animal studies 23 in support of reduced activity in NIDDM of glyceraldehyde-3-phosphate dehydrogenase-the enzyme that catalyzes the oxidative step in glycolysis. Such glycolytic disturbances and reduced cellular uptake of glucose could lead to reductions in the flux of the citric acid cycle and therefore to a reduction in the ATP pool. The observation of decreases in oxidative enzyme capacity in patients with CHF is consistent with this concept. 24 The effects of diuretic therapy on insulin sensitivity could reasonably contribute to our findings in the CHF group, and this is a potential limitation of our study. However, no significant correlations emerged between diuretic dose and insulin sensitivity, and diuretic dose failed to enter into multivariate models. Because hypoxia causes a reduction in ATP availability, 25, 26 we might expect maximal oxygen consumption and measures of muscle perfusion to correlate with skeletal muscle strength. Skeletal muscle underperfusion could also account for insulin resistance. 13 However, we did not observe a significant association between strength per unit muscle and either maximal oxygen consumption or resting-leg blood flow. Moreover, insulin sensitivity was also strongly and independently related to strength per unit muscle in healthy R=0.62 p=0.004 controls, suggesting that a common pathophysiological link exists between these measures. In conclusion, we have shown that in patients with CHF and healthy individuals, absolute quadriceps muscle strength is determined by quadriceps muscle size (quantity) and strength per unit quadriceps muscle (quality), both of which can be assessed non-invasively. The principal determinant of quality of muscle was insulin sensitivity, as it seems to reflect an intrinsic disturbance of skeletal muscle. In the light of our findings, the effects on muscle weakness of insulin-sensitizing agents in patients with CHF may warrant further inves tigation.
